Hypoglycemia is a rare paraneoplastic manifestation of patients with neoplasms. Hypoglycemia can be induced by several causes, including an aberrant increase of hypoglycemic agents and adrenal insufficiency. Sorafenib is the first agent to demonstrate a survival benefit in the treatment of advanced hepatocellular carcinoma (HCC). This small molecule inhibits serine/threonine kinase RAF in tumor cells and tyrosine kinases VEGFR/PDGFR in tumor vasculature and decreases tumor growth and angiogenesis. In this paper, we report a case of HCC who was treated with sorafenib and showed severe hypoglycemia. This hypoglycemia might be induced by two causes, both adrenal insufficiency as an adverse effect of sorafenib and activation of the insulin-like growth factor (IGF) signal by excessive secretion of incompletely processed precursors of IGF-II. Although the IGF signal is suggested to be involved in aberrant growth of HCC in some cases, there is no other report showing the influence of sorafenib on HCC with active IGF signal. Unfortunately, the effect of sorafenib was limited in the present case. However, emerging drugs that directly inhibit the IGF signal can be expected to be highly effective in the treatment of HCC with hypoglycemia.
IGF-II Producing

Introduction
Hypoglycemia is a rare but well-known paraneoplastic manifestation of patients with neoplasms, including hepatocellular carcinoma (HCC), which is referred to as non-islet cell tumor-induced hypoglycemia (NICTH) [1] . Excessive secretion of incompletely processed precursors of insulin-like growth factor-II (termed the 'big' IGF-II) has been suggested to cause NICTH. The IGF signal is involved in both glucose metabolism and cellular proliferation [2] . The 'big' IGF-II excessively stimulates both IGF-I and the insulin receptor, inducing hypoglycemia and tumor growth. In the era of molecular-targeted therapy, agents targeting the IGF signal are being developed to treat lung and pancreatic cancers [3] . Although this signal is suggested to be involved in aberrant growth of HCC [4] , clinical trials using these agents against HCC have been initiated only recently.
Sorafenib is the first agent to demonstrate a survival benefit in the treatment of advanced HCC [5] . This small molecule inhibits serine/threonine kinase RAF in tumor cells and tyrosine kinases vascular endothelial growth factor receptor (VEGFR)/platelet-derived growth factor receptor (PDGFR) in the tumor vasculature, decreasing tumor growth and angiogenesis.
In this paper, we report a case of HCC that showed severe hypoglycemia and was treated with sorafenib. Since RAF is one of the downstream components of the IGF signal, sorafenib may be effective against tumors with an activated IGF signal. Although the effect was limited in the present case, emerging drugs that directly inhibit the IGF signal can be expected to be highly effective in the treatment of HCC with NICTH.
Case Report
A 77-year-old male patient with HCC was referred to the authors' hospital. As he had no previous episodes of liver disorders, no imaging procedures had been performed. In February 2010, he was first admitted to another hospital due to bleeding gastric ulcers induced by non-steroidal anti-inflammatory drugs. During hospitalization, an abdominal CT scan showed multiple liver tumors and multiple lung nodules ( fig. 1a, b) . Based on elevated serum AFP (897 ng/ml) and typical CT scan images as HCC, he was diagnosed as advanced HCC and referred to our hospital in March 2010.
Administration of sorafenib was initiated at a dosage of 800 mg b.i.d. On day 7, pleural effusion was detected and his serum potassium concentration was elevated to 5.5 mEq/l. His general condition declined and he was unable to stand by day 11. On day 14, he was hospitalized because of hyperpotassemia (6.7 mEq/l) and hypoglycemia (27 mg/dl). Hyperpotassemia improved by the administration of an intravenous drip infusion of glucose and furosemide, but hypoglycemia continued at a level of 40 mg/dl. Although the basal levels of adrenal hormones were normal, ACTH and cortisol did not increase at the time of hypoglycemia. This suggested that the relative adrenal insufficiency exerted some influence on the hypoglycemia. We started to administer a short-acting corticosteroid (hydrocortone), and the blood glucose level increased rapidly to around 150 mg/dl. However, several days later, the patient's morning fasting blood glucose level decreased to around 20 mg/dl. We administrated a longer-acting corticosteroid and the patient also began to have late evening snacks. Although a sufficient amount of cortisol (prednisolone 10 mg/day) was administered, his hypoglycemia continued. We suspected that other factors were involved in the hypoglycemia, but the serum levels of insulin and IGF-I were lower than the normal limits. We assayed the patient's serum using immunoblotting with an anti-IGF-II antibody. The 'big' IGF-II was detected in the serum (fig. 2, lane 2) similarly to the serum of a patient with NICTH (lane 4). Only mature IGF-II was detected in the serum of the normal control (lane 3). Lane 1 was recombinant IGF-II.
By day 14 of sorafenib administration, though the number of lung metastases had increased ( fig. 1d) , the size of the liver tumors had not changed ( fig. 1c ) and the tumor marker levels had decreased (AFP from 4,112 to 2,381 ng/ml and PIVKA-II from 4,645 to 952 mAU/ml) ( fig. 3) . We concluded that sorafenib was effective. The dose of sorafenib was decreased to half (400 mg b.i.d.), and the patient was discharged. Ten days later, he was hospitalized because of unconsciousness caused by hypoglycemia. Though the hypoglycemia improved with treatments, sadly the patient died 6 days later of respiratory failure due to advanced lung metastases.
Discussion
We treated a case of IGF-II producing HCC with sorafenib. Several previous reports have shown NICTH as a rare paraneoplastic manifestation of advanced HCC with a poor prognosis [6] . As far as we are aware, there are no reports describing HCC with NICTH treated with this novel molecular targeted agent, sorafenib. The present case showed interesting endocrine abnormalities such as hypoglycemia and hyperpotassemia due to relative adrenal insufficiency. The possibility that sorafenib suppressed adrenal function must be considered, since there were no other factors known to affect adrenal function such as metastasis to the adrenal glands. No reports have been identified that describe adrenal insufficiency due to sorafenib, while the drug is reported to affect thyroid functions. The possibility that sorafenib played a role in adrenal insufficiency is also supported by the fact that there are some reports of adrenal dysfunction caused by a similar molecular agent, sunitinib, targeting VEGFR/PDGFR [7] .
The IGF signal is related to cell proliferation and tumor growth of HCC through the IGF-I receptor [4] . Kaseb et al. [8] reported that lower plasma IGF-I levels are correlated with advanced HCC and poor overall survival. Reactivation of IGF-II, including the 'big' IGF-II, is one of the most frequent mechanisms of IGF signal activation in HCC. Expression of IGF-I may be suppressed by a negative feedback of IGF-II overexpression, resulting in lower plasma IGF-I levels.
The 'big' IGF-II is suggested to induce hypoglycemia through IGF-I and the insulin receptor. Usually, hypoglycemia due to the 'big' IGF-II is not controllable with continuous infusion of glucose. Reduction of tumor volume by surgical operation [9] , transarterial chemoembolization or systemic chemotherapy [1] is sometimes effective. Palliative treatments, including administration of hyperglycemic hormones such as corticosteroids and growth hormones, are performed, but the effects are transient and limited.
When the IGF-I receptor is stimulated, the downstream signaling pathways, including PI3K-AKT-TOR and RAF-MEK-ERK, are activated [2] . Sorafenib inhibits the activation of RAF. However, the efficacy of sorafenib was limited in the present case ( fig. 3) . Several drugs that target the IGF signal are under development [3] . Such drugs directly inhibit intracellular kinase activities or block the binding of IGF to the receptors. We suggest that these agents will likely be effective in NICTH cases. In particular, use of antibodies against IGF-II will probably be selective and safe in such cases. 3 . Changes in the tumor marker levels before and after the administration of sorafenib. By day 14 of sorafenib administration, the tumor marker levels had decreased (AFP from 4,112 to 2,381 ng/ml and PIVKA-II from 4,645 to 952 mAU/ml). However, the effects were transient and the tumor marker levels increased again in spite of the administration of sorafenib.
